We have analysed the Wufeng-Longmaxi shale gas field (gas pool) in the Southeastern Sichuan Basin in the light of previous studies on the main constraints of shale gas field enrichment in North America. We have demonstrated that, unlike the relatively simple tectonic evolutionary history of its North American counterparts, South China, represented by the Sichuan Basin and its peripheral areas, has undergone multiple uplifting events and intense folding and thrusting processes. After the distribution of high-quality shale formations has been identified, the structural and preservation conditions are important determinants of the level of shale gas enrichment and productivity. For a complex structural area that has experienced high thermal evolution to become enriched in shale gas and highly productive, the following prerequisites are indispensable: (1) normal structures, i.e. uplifts and anticlines, the latter being the most favourable structural type for shale gas enrichment; (2) hyperpressure, which is not only an important identifier of the presence of a regionally closed environment, but also, an important signature of natural gas pool enrichment; (3) late regional strike-slipping processes and good roof and floor conditions-the existence of structural conditions for forming and maintaining a compressionalshearing environment and a roof and floor that provide good closure are critical indicators of shale gas enrichment in complex structural areas; (4) distance to any regional aqueous layers and avoidance of faults channelling these aqueous layers.
INTRODUCTION
China's first shale gas engineering and development (E and D) breakthroughs were found in the southern part of the country. In particular, the commercial development in Fuling and Changning, in the Southeastern Sichuan Basin, made China the first nation to succeed in commercial shale gas development after North America. The Fuling shale gas field, with 106.7×10 9 m 3 of proven reserves and over 5×10 6 m 3 of daily output, further aroused people's interest in shale gas exploration in South China. In comparison with North America, South China is characterized by: (1) a complex structural type, where the tectonic evolution and structural superimposed reformation are both complex, and the present-day thermal evolution level does not necessarily relate to the buried depth; and (2) the favourable shale gas distribution areas are not the same as that for conventional oil-gas pools-those preservation conditions that are not important to shale gas E and D in North America are precisely the keys to forming shale gas pools in South China.
The marine Paleozoic in South China contains three regional source rock sequences with good congenital oil-gas geology and abundant paleo-oil pools (Guo et al., 2002; Liang et al., 2008) . The most important issue for oil-gas exploration in South China is its preservation conditions. We have published a number of papers on the methodology and assessment indicators of these conditions (Guo et al., 2003; Lou et al., 2006) that suggest it is possible to identify oil-gas preservation in complex structural areas only by combining tectonic evolution with the static indicators of the preservation condition research. Shale-gas exploration within and on the periphery of the Sichuan Basin, over the past years, has proven the structural and preservation conditions are determinants of shale gas pooling in high-thermal maturity, complex, structural areas Guo, 2013) . The reservoir conditions of shale gas pools indicate that disruption caused by faulting and uplifting may not make as much of a difference to shale gas pools compared to normal gas pools; however, the formation and preservation of overpressure is necessary for high shale gas productivity and enrichment. Thus, research on shale gas preservation conditions should focus on these areas .
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The structural and preservation conditions for shale gas enrichment and high productivity in the Wufeng-Longmaxi Formation, Southeastern Sichuan Basin Figure 1. The regional, geological and structural profiles of the Southeastern Sichuan Basin.
In this paper, the structural and preservation conditions for shale gas enrichment and high productivity, in a complex structural area, are examined using different structural types of shale gas wells drilled in the Wufeng-Longmaxi Formation in the Southeastern Sichuan Basin as an example (Fig. 1) .
DEFINITION AND TYPES OF COMPLEX STRUCTURAL AREAS 2.1. Definition of complex areas
In our study, a complex structural area is defined as an area that has undergone multiple uplifting-denudation, folding, and faulting reformations, as represented by diverse structural types, complex faults and folds and limited continuation within the same formations. The thermal maturity values of the Wufeng-Longmaxi Formation are not strongly related to its buried depth, and there is no difference between the inside and outside of the basin. For example, the in-basin part of the southeastern flank of the Sichuan Basin, which is divided by the Qiyueshan Fault, mainly comprises Jurassic exposures, with Mid-Lower Triassic exposures at the core of the anticline. The ex-basin part consist mainly trough-like folds, and the anticline exposures are mostly Lower Paleozoic formations covering large areas. The Mid-Lower Triassic and Jurassic formations are preserved to a limited extent in the synclinic region. Inside the basin, the distribution area of the favourable Wufeng-Longmaxi Formation shale intervals does not exceed 60×10 3 km 2 , two-thirds of which have a buried depth greater than 4000 m.
Structural types
From the Xuefeng Uplift to the Sichuan Basin, the structural type changes from the basement involved to cap detachment. The structural types of the Western Hunan and Western Hubei, Eastern Chongqing-Western Hubei and Eastern Sichuan areas are characterized by trough-like folds, trough-and comb-like folds, respectively. The type variation reflects the divergences in reformation intensity or deformation degree. The main structural types include anticlines, synclines and monoclines in different fault-fold combinations, which can be sub-categorised into fault anticlines, fault noses and anticlinoria, respectively. For example, the Fuling shale gas field is in the basin and adjacent to the Qiyueshan Fault Bel; and, its principal structure is the box-like Jiaoshiba Fault Anticline, which is level with fault-cut sides, asymmetric flanks and a 200-m closure (Fig. 2) . The Dingshan Structure, which hosts the DY1 well, is a symmetrically-flanked fault anticline. The bottom of the Wufeng Formation covers a slightly smaller area (155 km 2 ) of the Dingshan Structure than the principal part of the Jiaoshiba Anticline (188 km 2 ). However, the closure's extent is 950 m and the formation dip angle is large (Fig. 3) . The R1 well sits on a fault-confined monocline. The buried depth of the Formation is greater than 4000 m, and the target intervals contain developed fissures ( Fig. 4 ).
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An extensive oil-gas supply exists. As no high-porosity, high-permeability, regional unconformities or other channelling systems are available, microfractures are used to achieve the 'stair-like migration'.
2.
As the gas is mostly free, a dynamic, gathering-parting balance of the natural gas is needed after multiple tectonic changes. Normal structures, typically anticlines, are the most favourable for this balance. In other words, anticlines (normal structures) are favourable for natural gas accumulation.
3.
Fissures are required for a shale gas reservoir to become highly and stably productive; and the fissures should connect to each other on a large scale. The combined action of the two sets (stages) of fault systems, with the detachment layer at the bottom of the Wufeng-Longmaxi Formation, was favourable for forming map fractures and maintaining overpressure, thus, forming the key to shale gas enrichment and high productivity (i.e.'fault-slip fracture control').
4.
In order to prevent the gas pool from dissipation, good roof and floor conditions are indispensable after a map fracture system has formed. The muddy siltstone or silty mudstone, in the Mid-Upper Longmaxi-Formation, and the tight Jianqiaogou Formation limestone, at the bottom of the Wufeng Formation, provided a good sealing effect; and, together with the lateral thrust faults, made up a closed box-like system (i.e. 'box-like pooling').
The Changning shale gas field
The Changning shale gas field lies between the Gongxian-Xingwen, Lower Paleozoic, NW-trending anticline in the South Sichuan Basin and the North Yunnan-Guizhou Depression on the basin margin ( Fig. 1 , the Ning-201 well is located at the core of the Changning shale gas field). The block is occupied by the Huayingshan, NE-trenching, structural belt(,) in the northwest(,) and is bounded by the Loushan deep fault belt to the southeast. It is a fault-fold structural area, which resulted from the compound compression of numerous basement fault sets (Tong, 2000) . So far, the best-assessed exploration area is the synclinic area held by the Gongxian-Xingwen Anticline to the north of the Yanjin Anticline-Daxueshan Anticline belt. Regionally, this area comprises a series of roughly axially NE-trending fold belts featuring trough-like folds with broad anticlines and narrow synclines. All the seismic profiles, whether NE or SW, bear the typical signatures of an anticlinorium (Figs. 5 and 6).
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The Ning-201 well was drilled in 2010. Two Longmaxi Formation intervals (the middle parts of which are 2430 m and 2506 m below grade, respectively) were selected for a fracturing test. This test yielded gas flows of 720 m 3 /d and 10000 m 3 /d, marking China's first shale gas breakthrough (Dong et al., 2012) . The Ning-201-H1 well was spud on 17 June 2011 and completed on 20 November 2011. Test rate after completion is 0.15× 10 6 m 3 /d. As of September 2014, six shale gas wells were producing and delivering gas. The daily capacity was estimated to be 0.7×10 6 m 3 (Li et al., 2014) .
According to data collected from the Changxin-1 well (the first shale gas, geological assessment, shallow well in China, drilled in the Longmaxi Formation outcrop on the Changning Anticline), as well as, data from the YQ1 well in South Junlian and other shale gas wells (Liang et al., 2011; Chen et al., 2013) , the Wufeng-Longmaxi Formation in this area is characterized by the following descriptions: (1) type-I organics (a minor portion is type-II 1 ); (2) an organic carbon content > 2%, a formation thickness of 30-40 m thick and a TOC content in the lowest 30 m of the YQ1 well of 3.95%-6.7% (average 5.17%); (3) high thermal evolution with an R 0 ranging from 2.41% to 2.95%; (4) a siliceous mineral content in the high-quality shale gas interval of 55.3%-71.9% (average 64.9%); (5) a gas content in the high-quality shale gas interval of 3.93-6.47 m 3 /t (average 4.9 m 3 /t); (6) a porosity of the high-quality shale gas interval of 3%-6% (average 4.5%) and an average permeability, generally(,) ranging from 2.14-2.54×10 -4 mD; (7) a highly volatile formation pressure factor ranging from 1.0 in the outcrop area to 2.03 towards the anticline trough; (8) an anticlinorium structural type; (9) a carbon isotopic reversal of alkane gases in the shale gas of CH 4 (-28.4‰) > C 2 H6 (-33.8‰) > C 3 H9 (-36.2‰) (Dai et al., 2014) ; (10) high productivity per well at the syncline core of the anticlinorium. For example, the daily output per well of the Changning H2-4 well is greater than 0.2×10 6 m 3 and that of the H2-2 well is greater than 0.15×10 6 m 3 .
The Dingshan shale gas pool
The Dingshan shale gas pool lies in the Dingshan structure, where the DY1 well is located as shown in Figure 1 . The vertical depth difference between the DY1 well at the structural high and the DY2 well at the dip end is approximately 2300 m (Fig. 3) . The gas-bearing properties of these wells also show marked divergence. The Dingshan shale gas pool is characterized by the following: (1) a formation thickness of the best ENERGY EXPLORATION & EXPLOITATION · Volume 33 · Number 3 · 2015 265 Figure 6. Regional seismic profile of the (S)outhern Sichuan (B)asin (marked ➅ in Fig.1 ).
shale gas interval (TOC > 2%) of 26 m for DY1 and 35.5 m for DY2; (2) an average TOC content of the high-quality shale gas interval (TOC > 2%) of 3.1% for DY1 and 3.8% for DY2; (3) a porosity of approximately 2.84% for DY1 and 5.8% for DY2; (4) a siliceous mineral content of 39.96% for DY1 and 36.88% for DY2 and a carbonatite content of 10.04% for DY1 and 15.63% for DY2; (5) a gas content range of 1.82-4.02 m 3 /t for DY1, mostly in the range of 2-2.5 m 3 /t (average 2.23 m 3 /t; only one figure of the Wufeng Formation has a gas content > 4 m 3 /t) and a gas content of DY2 in the range of 2.33-6.23 m 3 /t (average 4.25 m 3 /t); 55% has a gas content higher than 4 m 3 /t; (6) a low output, the daily output is in the range of 20-30× 10 3 m 3 .
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The Pengshui shale gas field
The Pengshui shale gas pool lies in the Sangzheping Syncline in the middle of the large NE-trending Enshi-Wuchuan Anticline, to the east of the Qiyueshan Fault and to west of the Enshi Fault, where the Lower Paleozoic is exposed from the principal part of the anticline (Fig. 1A , where the Pengye-1 well is located). The Sangzheping Syncline is overburdened by the Lower Triassic Jialingjiang Formation on the surface and sits 4000 m below grade. The structure is simple and contains no faults. The Longmaxi Formation outcrops the surface in the form of a monocline from the deep levels towards both sides (Fig. 7) . The following descriptions characterize this gas pool: (1) the organic types are I and II 1 ; (2) the organic carbon content is higher than 2%, the formation thickness is 24m and the TOC content is 2.22%-4.34% (average 3.31%); (3) a high thermal evolution, the R 0 is 1.90%-2.81% (average 2.55%); (4) the porosity is 2.5%-5.3% (average 4.1%); (5) the gas content is 1.69%-2.46 m 3 /t (average 2.06 m 3 /t); (6) the brittle mineral content in the shale gas zone is 45%-73%; (7) the formation pressure factor is approximately 1.0. The productions increase from well 1 (depth of 2136-2160 m) to well 2 (depth of 3000 m, at the syncline trough). The productions are 20× 10 3 m 3 /d in well 1 and 30× 10 3 m 3 /d in well 2. The R1 well, in Figure 4 , is an exploratory well for the shale gas-bearing properties of the monoclinic structures on the internal margin of the basin, where the Wufeng Formation is 4055.5 m below grade and approximately 15 km from the outcrop area.
The drilling revealed a 103 m Longmaxi-Wufeng Formation black shale that contains 27 m high-quality shale with a TOC content ranging 2.2%-7.9% (average 2.72%), a quartz content ranging 22.1%-49% (average 35.79%) and a clay mineral content ranging 18.8%-56.6% (average 39.04%). This well presents weak gas indications; and, the resistivity is merely a few ohmmeters. Clearly visible high-angle, half-filled fractures are seen in the core, suggesting disrupted preservation conditions (Fig. 4) .
STRUCTURAL FACTORS BEHIND SHALE GAS ENRICHMENT
The key constraints on shale gas enrichment and high productivity have long been debated by authors and vary depending on the focus of concern. Wang et al. (2012) believe that shale gas enrichment is constrained by organic abundance, organic maturity, brittle mineral content, reservoir properties and preservation conditions. They proposed 11 parameters/indicators of shale gas nuclear areas: organic carbon, maturity, brittle minerals (e.g. quartz), clay minerals, porosity, permeability, gas content, water saturation, effective shale continuation thickness and preservation conditions. Zagorski et al. (2012) also listed 11 key constraints on Marcellus shale gas productivity: organic carbon, maturity, depth, formation pressure gradient, porosity and permeability, gas content, effective shale continuation thickness, fracturability, natural fissure development level, basement fault and structural complexity and preservation conditions. The Marcellus shale covers 95000 square miles (equal to 152,887.68 km 2 ). The exploration depth is 4000-8500 ft. (equal to1219.2~2590.8 m) and the net pay is 50-200 ft. (equal to 15.24~60.96 m). The TOC content is 3%-12% and the total porosity is 10% (Tunde Osholake et al., 2013) . Even in this basin, which has superior shale gas exploration conditions, Zagorski et al.(2012) included formation pressure and tectonic forces for the shale gas assessments, in addition to the base parameters (e.g. organic carbon and maturity). In Table 1 , the base assessment parameters for shale gas do not vary significantly in areas containing high-quality shale, and therefore, do not constitute key factors of shale gas enrichment and high productivity. We have stated that anticlines and particular regional tectonic backgrounds are the key factors to the enrichment and high productivity of Fulingshale gas Guo et al., 2014; Guo, 2014) . In this paper, we further elaborate on the role of structural factors in optimal shale gas zone assessments and high productivity and the enrichment of high-evolution, complex structural areas in the south. We use E and D practices in Changning and other regions as evidence.
Anticlines are the most favourable structures for shale gas enrichment
A large gas field typically comprises structural traps, the best of which are anticlines.
According to the statistics conducted by Bai et al. (2007) , of the 355 large gas fields, 295 (83.10%) are structure-bound and represent 87.70% of the total oil-gas reserve. Of the 30 oversized/enormous gas fields, one is stratabound, two are bioherm-bound and the remaining 27 are structure-bound. Thus, the superiority of structural traps is even more evident. Shale gas is a continuous oil-gas pool that is constrained by organic-rich shale and does not exist in normal trap forms. With that being the case, does this mean traps, especially anticlines, make no difference to shale gas enrichment? First, by definition, shale gas includes free gas stored in shale fissures and intergranular fissures, gas adsorbed over kerogen and clay particular surfaces and gas dissolved in kerogen and asphalt with a relatively short-distance migration (Curtis, 2002) . Second, as concluded by Xiao et al. (2013) from the exploration practices in North America, one of the characteristics of shale gas enrichment areas is that the gas occurrence states are diverse, but the prevailing states are free and adsorbed. However, free gas is the predominant form in hyperpressured areas or deep-set areas where the temperature is higher than 100 ˚C. In the top U.S. shale gas fields (ranked by productivity or reserves), such as the Marcellus, Haynesville and Barnett gas fields, the gas pools are principally comprised of free gas, and adsorbed gas general makes up 20%-30% (Li, 2012) . Third, the free gas content in the Fuling shale gas field is 55%-65%. Fourth, both the two best-explored and best-developed shale gas blocks in the Sichuan Basin, Jiaoshiba and Changning are overpressured anticlines.
Based on these observations, in a high-evolution or well-preserved area, the shale gas is principally free gas. There are no faults, unconformities or high-porosity/highpermeability reservoirs inside the shale gas zone to provide prevailing migration channels. However, that does not necessarily mean no migration takes place; microor short-distance relayed migration preceding extension accumulation is still possible . The formation pressure in Jiaoshiba and Changning, which tends to be high at the core but constant towards the boundary, and the inter-well interference experienced during fracturing in Jiaoshiba are both proof the shale gas migration. The nuclear shale gas area of the Haynesville gas field is on the Sabine Uplift (Ursula Hammes et al., 2011) . Hence, the shale gas distribution may not be constrained by normal structures (anticlines or uplifts); but, anticlines are definitely favourable for shale gas accumulation and enrichment.
Late strike-slipping processes contributed to the formation of map fractures and the preservation of overpressure
As demonstrated by shale gas exploration practices in North America and Sichuan Basin, uplifting-denuation was involved in the formation of shale gas pools, and shale 268
The structural and preservation conditions for shale gas enrichment and high productivity in the Wufeng-Longmaxi Formation, Southeastern Sichuan Basin gas enrichment and high productivity are never independent of formation overpressure and fissure development. As discussed above, anticlines are the most favourable structures for shale gas accumulation; and thus, in the Barnett shale gas field (the most successfully explored of its kind in North America), the outputs of the shale gas wells in fold areas are commonly lower than their non-fold area counterparts (Bowker, 2007) . So, why are things completely different when it comes to the Fuling and Changning shale gas fields?
The Jiaoshiba Structure, where the Fuling shale gas field is located, is a special normal structure in the Wanxian Synclinorium. Its particularities lie in the following facts. First, it lies between the two SN-trending faults, the Changshou-Zunyi Fault and the Fengdu-Daozhen Fault. These constitute the northward extension of the Sichuan-Guizhou SN-trending paleostructures, the Zunyi-Guiyang Fault and Daozhen-Guiding Fault, which are described by Huang (1998) and are seen as two narrow fold-fault belts today. By way of these fault belts, the East Sichuan, NE-trending structural trace inside the Sichuan Basin turns into a sub-SN-trending, broom-like structure. The NNEtrending, trough-like structure outside the basin, which is mainly comprise comprised of the Lower Paleozoic anticlines in the West Hunan-Hubei, turns into a NEE-trending fold belt, maintaining a lot of the Upper Paleozoic, Triassic and Jurassic in the North Yunnan-Guizhou (Fig. 1) . Second, the southwestward extension of the Fangdoushan Anticline ridgeline is obviously faulted by two SN-trending faults and comprises the three diamond-shaped structures in South Changshou, South Nanchuan and South Tongzi. This suggests that the old, SN-trending faults became active and sinistral after the Late Yanshanian. A regional detachment comprising the two fault sets (SN, NE), together with the lower Longmaxi and Wufeng mudstone/sandstone, constrained the formation of the vertical map fractures. Of these fractures, the horizontal, vertical and high-angle fissures observed in cores from Jiaoye-1, and other wells (some of which are filled) and the obvious scrapes from the inter-formation detachment detected across the core section are good evidence . The Yanshanian and Himalayan tectonic evolution especially, the late extrusion processes) provided a regional extrusive environment in this area, which was favourable for formation and maintenance, and thus, played a crucial role in the subsequent shale gas pooling.
The structure in South Sichuan Province, (spaced added) where the Changning shale gas field is located, is similar to the Jiaoshiba structure (Fig. 1) . First, this area is constrained by a NE-trending Huayingshan Fault in the northwest, a NE-trending Zhongliangshan Fault in the centre and an EW-trending Loushan Fault in the south. The principal structure is a NE-trending anticline (Yanjin-Xingwen), but, at some places(,) it appears to be a NW-trending anticline (Xingwen-Gongxian) (Fig. 1) . Second, whether viewed from the NE or NW, Changning is an anticlinorium (Fig. 5) . Third, the Jurassic syncline outside the basin echelons as a number of NEE-trending, S-shaped synclines, which suggests constraint by the dextral, strike-slipping of the basement fault. Both horizontal and map microfractures are observed in several intervals of the Changxin-1 well, the first shale gas data well in this area (Fig. 8) , and have also been observed in deeper wells. In the Longmaxi Formation, cores from a well 2215 m below grade, filled and unfilled horizontal fractures, also vertical and high-angle fractures are detected (Fig. 9) . This indicates the development of the macro and microfractures in Changning are almost the same as those in the Jiaoshiba Structure.
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The structural and preservation conditions for shale gas enrichment and high productivity in the Wufeng-Longmaxi Formation, Southeastern Sichuan Basin An analysis of the regional tectonic backgrounds of the Fuling and Changning shale gas fields indicates both gas fields are the products of a multi-set structural reformation. In particular, both were constrained by regional fault-slipping processes. The combined action of the multi-set, multi-stage, and multi-directional faults and the detachment layer at the bottom of the Wufeng-Longmaxi Formation accounted for both the map fractures and a long-term, compressional-shearing, stress environment inside the reservoir. This enabled the oil-cracking gas or uplift-induced overpressure to be preserved or the pressure relief to be delayed.
SHALE GAS PRESERVATION CONDITIONS IN A COMPLEX STRUCTURE AREA
Research on oil-gas preservation conditions mainly evaluates the material basis, caprocks and their microproperties, structural processes, evolution history, formation water conditions, natural gas composition and formation pressure conditions and the temporal and spatial combinations of these geological factors (Guo et al., 2003; Lou et al., 2008; Nie et al., 2012) . This is no exception for shale gas. Including three related factors: (1) the sealing is the essentials essential to of shale gas enrichment and preservation; (2) shale gas generation, accumulation, preservation and dissipation were controlled by late tectonic evolution; (3) these are identifiers of the present-day preservation conditions, which include hydrogeology, underground fluid chemical-kinematic parameters and paleo-fluid activity information. In nature, the preservation conditions of shale gas do not differ much from those of normal gas pools. Though shale gas does not demand as high preservation conditions as normal gas pools, due to the characteristics of shale gas reservoirs . As such, what are the differences between the characteristics of shale gas and normal gas pools? According to the exploration practices in South China, the following aspects should be evaluated during research and exploration.
Roof and floor conditions
There are differences between conventional and unconventional gas characteristics. Conventional gas needs the overlying region and immediate seal; whereas shale gas is located between the overlying roof and the underlying floor. Examples are the Marcellus and Barnet gas fields, in which(,) the shale gas roof and floor are both carbonate; and the roof and floor are limestone which are extremely critical factors for forming and preserving overpressure (Zagorski et al., 2012) .
The Longmaxi Formation shale, in South Sichuan's Zhaotong-Changling, comprises of muddy limestone in the mid-upper part. This conforms to the overlying Luoreping Formation's muddy limestone/biolithite and the underlying Ordovician Baota Formation's nodular limestone. The tight limestone and conformable contact create good roof and floor conditions.
Conformable Ordovician tight limestone also exists under the Wufeng Formation in the Fuling shale gas field. The Shizipu Formation comprises of carbonatite, openplatform, interbank, marine, dolomitic and muddy limestone. The Baota Formation comprises of platform-margin, shoal and litholitic limestone. The Jiancaogou Formation comprises of platform-margin, slope, grey, argillaceous and nodular micrite. The continuous thickness ranges from 45-50 m. The core-property analysis of the Mid to Upper Ordovician Jiancaogou Formation-Baota Formation limestone in the Dingshan-1 well in the neighbouring area indicates a porosity range of 0.61%-1.66% porosity (average 1.01%) and a permeability range of 0.0058-0.1092×10 -3 µm 2 (average 0.0201×10 -3 µm 2 ). This is very typical of ultralow-porosity, ultralowpermeability, tight limestone. Regionally, the limestone stretches in continuous patches in a thick-bedded form, and no gaseous or aqueous layer has been discovered in or around the Sichuan Basin. Hence, it served as a good floor and was favourable for shale gas preservation and subsequent mass fracturing reformation. Overlying the Longmaxi Formation high-quality shale are low-organic mudstone and muddy siltstone, which deposited continuously with the Longmaxi Formation shale. The upper Longmaxi Formation mudstone has a relatively low organic abundance, low porosity and low permeability. The drilling of the JY1 well demonstrates seven formation fracture-induced circulation losses, including five in the Mid Silurian Hanjiadian Formation and two in the Lower Silurian Xiaoheba Formation. However, no formation leakage took place after its entry into the Longmaxi Formation. The breakthrough pressure of the three, low-organic, Longmaxi Formation mudstone samples from the Daoye-1 well, in the neighbouring area, are 16. 68-20.4 MPa, which suggests an appreciable sealing effect. In this way, the silty mudstone and muddy siltstone at the top of the Longmaxi Formation and the bottom of the Xiaoheba Formation served as a good roof seal.
Furthermore, in the Wei-201 well in the Central Sichuan Uplift, only the bulk of the Longmaxi Formation is retained. The remaining Silurian formations are missing. Test results indicate that the Longmaxi Formation is under constant pressure. The formation in the Wei-203 well, drilled 3000 m to the east, becomes overpressured as the Longmaxi formation and the overlying Silurian thicken. This, additionally, confirms the sealing from the siltstone at the top of the Longmaxi Formation and the tight Xiaoheba Formation sandstone.
A regional seal is also very necessary. The discovery of hydrogen sulphate-bearing natural gas in the Changxing Formation of several wells in the Jiaoshiba Structure provides proof of the sealing played by the marlite at the top of the overlying Feixianguan Formation.
Position of regional aqueous layers
Two risks should be avoided when developing the Barnet and other U.S. shale gas fields. One is related to fault belts and the other to floor carbonatite aqueous layers. The unsuccessful gas test in the Lower Cambrian Niutitang Formation in the Fangshen-1 well in the West Guizhou's Dafang Structure is attributed to faults and the Dengying Formation's aqueous layer. The bottom of the Wufeng Formation is commonly tight Ordovician carbonatite. However, in favourable areas where the Wufeng Formation is present, there could be a platform-margin beach reservoir containing water. For example, in the Dongshen-1 well in Southwestern Chongqing, a water-bearing gaseous layer was discovered in Baota Formation limestone (Guo, 2014) . Based on these accounts, it is important to, at least, avoid faults extending to the Ordovician when selecting exploration targets.
Formation overpressure
Most highly productive, enriched, large conventional gas fields are under normal pressure; whereas, all of the high-productivity, shale gas fields discovered in the U.S. and China are in hyperpressured areas. An example is the Haynesville gas field, where overpressure in the core shale area constrains the Estimated Ultimate Recover, which is 10 Bcf in the overpressure centre and reduces with decreasing pressure until it reaches 4 Bcf (Zhang et al., 2013) . In the Sichuan Basin, the pressure factor of the Fuling shale gas field ranges from 1.3-1.55; whereas, in South Sichuan, the pressure 272
The structural and preservation conditions for shale gas enrichment and high productivity in the Wufeng-Longmaxi Formation, Southeastern Sichuan Basin factors of the shale gas production wells in Changning, Fushun and Yongshuan range from 1.3-2.03. This confirms the overpressured areas in the Wufeng-Longmaxi Formation are strong indicators of shale-gas-enriched, high-productivity areas.
The real-place drilling of the Jianshen-well in the Shizhu Anticlinorium indicates that, from the Hanjiadian Formation's to the Longmaxi Formation's bottom (3800 m and 5000 m, respectively), the Silurian formation pressure ranges from 1.7-2.02, which represents a high level of hyperpressure. During the drilling of the 3898-4089 m interval of the Longmaxi Formation in the Tai-1 well in East Sichuan, the mud ratio was as high as 1.83-1.98, whereas, that used for the Lin-7 and Dongshen-1 wells (2500-3500 m) was ~1.5. In the Dingshan Structure, the Wufeng Formation is 2054 m below grade and the formation is under constant pressure. Hence, in areas where the Jurassic overburden is deep, the Longmaxi Formation generally appears to be at a constant pressure, with the exception of the basin margin, which is also the case of the R1 well described above. In contrast, the Wufeng-Longmaxi Formation appears to be under constant pressure outside of the basin in areas such as Pengshui, where shale gas has been yielded from test productions, as well as, in other non-yielding areas. This shows that the inside and outside of the basin are different in terms of preservation conditions.
As discussed above, with the exception of monoclines close to the regional major fault on the basin margin, the deep level of the Wufeng-Longmaxi Formation (deeper than 3500 m), in with all other parts of the basin, provides conditions conducive to overpressure formation. The overpressure in the Fuling and Changning shale gas fields is closely associated with the regional tectonic environment. The exploration efforts in Weiyuan have confirmed the importance of the Silurian preservation above the Longmaxi Formation. Therefore, when searching for overpressure distribution areas on the margins or out of the basin, we should first analyse the regional tectonic conditions to study if it is possible to form and maintain a compressional-shearing environment from the Late Yanshanian onwards. Second, we should find an area where the Silurian formations are well preserved and identify it as a shale-gasenriched area. The buried depth of the Wufeng-Longmaxi Formation should be, at least, 1500 m or deeper.
CONCLUSIONS
Unlike the simple tectonic uplifting in North America, South China's Wufeng-Longmaxi Formation has undergone multiple uplifting-denudation and folding and/or faulting processes after its deposition. The continuous distribution of the formation outside the basin is not so extensive. Hence, copying the exploration procedures used in North America is impractical. The geochemical and reservoir characteristics of this formation have been thoroughly studied (Liang et al., 2008; Nie et al., 2012; Guo et al., 2011) . By investigating the Fuling, Changling and other shale gas fields, we believe the static parameters of shale gas are only preliminary indicators of possible locations of shale gas candidates; the keys to discovering shale-gas-enriched zones in high-evolution, complex structural areas are the tectonic factors and preservation conditions. To locate an enriched, highly productive area, it is essential to examine the roof and floor conditions, the distance to the regional aqueous layer, the regional tectonic background, the structural type and the presence of overpressure. It may include the list below:
(1) Shale gas exploration in high-evolution areas should first focus on normal structures, i.e. uplifts and anticlines, the latter being the most favourable structural type for shale gas enrichment. (2) Shale gas pools formed during thermal-cracking gas generation normally experience hyperpressure. Hence, hyperpressure is not only an important identifier of regional sealing environments, but also an important signature of natural gas pool enrichment. (3) Late regional strike-slipping and good roof and floor conditions are parameters that promote the preservation of overpressure in shale gas.
Locating high-quality shale gas intervals is important for shale gas exploration. The existence of tectonic conditions that are conducive to the formation and maintenance of a compressional-shearing environment, as well as, a roof and floor that are able to serve as a sealing cover, are the key determinants for shale gas enrichment in complex structural areas. (4) Potential regional aqueous layers and faults that channel these aqueous layers should be identified. In areas outside (of) the basin, it is even more crucial to precisely interpret whether faults are present inside and on top of the target bed; since, even a minor fault could have impaired the closure property of a shale gas pool.
